The mechanisms associated with an owl's ability to fly silently have been the subject of scientific interest for many decades and a source of inspiration in the context of reducing noise in both flapping and non-flapping flight. Here, we characterize the near wake dynamics and associated flow structures that are produced by flying owls. The goal is to shed light on unique flow features that result from the owls' wing morphology and its motion during forward flapping flight. We study the wake of the southern boobook owl (Ninox boobook); a mid-sized owl, which shares the common feature of stealthy flight.
Introduction
The silent flight of owls has been the subject of scientific interest for over a century [1, 2] .
Over millions of years of evolution, these species have produced many specialized configurations. Yet, most members from the order Strigiformes have the common characteristic of silent flight, which is nearly inaudible to humans and, more importantly, to their prey [3, 4, 5] .
Graham 6 was the first to identify three unique characteristics of the owl feathers associated with silent flight; (i) the leading-edge serrations: a comb of evenly-spaced bristles along the wing leading-edge, (ii) the trailing-edge porous fringe of feathers and (iii) downy porous feathers distributed over the upper wing surface. Graham observed that the down feathers feature long hairs and barbs, which he hypothesized would muffle any rustling noise associated with the rubbing of the feathers together. He also suggested that these feathers acted as a sound absorber, which would dampen out any small vibrations near the wing, or that they worked in conjunction with the leading-edge serrations to further slow the airflow in the boundary layer of the wing. Graham [6] emphasized the importance of the leading-edge serrations as a major noise reducer. Since then, numerous studies have been performed on these three wing characteristics in attempt to isolate and identify the prime mechanisms associated with noise reduction and to relate them to the aerodynamic performance. 4 Kroeger et al. [7] and Anderson [8] investigated the aerodynamic role of the leading-edge serrations and found that they are responsible for turning the flow close to the wing leadingedge in a spanwise direction (toward the wingtip). Consequently, a stationary leading-edge vortex (LEV) forms [9] that delays flow separation and produces non-linear lift on the outer half of the owl's wing. Soderman [10] adapted owl-like leading-edge serrations in lowspeed rotors and measured the acoustic effects at different operating conditions. It was found that leading-edge serrations were effective in reducing high frequency noise, yet the rotor performance was relatively unaffected. Rao et al. [11] used a bio-inspired model to investigate the noise reduction from a wing with leading-edge serrations. They observed a significant noise reduction at high frequencies as compared to a smooth leading-edge model. Winzen et al. [12] studied the role of leading-edge serration on the aerodynamic performance of an owl using a wing model tested in a wind tunnel. They showed that leading-edge serration serves as a flow stabilizing device, yet at the expense of a significant reduction in its aerodynamic performance. Similarly, a recent study by Geyer et al. [13] reported an owl's wing model with critical leading-edge serrations yielded a small increase in lift and some reduction in aerodynamic noise during gliding flight.
The flow past the leading-edge over the wing surface may be separated depending on the wing's angle of attack and its camber. It was suggested that the down feathers play a role in delaying separation as compared to smooth surfaces. Klan et al. [14, 15] studied the flow above barn-owl wing models using flow visualization and PIV. They found that a velvet surface (mimicking the down feathers) reduced the size of the separation bubble and consequently shifted the point of transition upstream over the wing. Winzen et al. [16] studied the flow field around an owl model wing focusing on the influence of the down 5 feathers, which was mimicked by an artificial surface that covered the wing model. They showed that the separation bubble over the wing was reduced and, in some cases, eliminated. They also demonstrated a decay of the vortical structures along the wing.
Winzen et al. [17, 18] subsequently showed that the down feathers as well as the flexibility of the wing stabilize the flow field at low Reynolds numbers, enabling the owl to fly more slowly.
Once the flow passes the wing, it is shed from the trailing-edge towards the wake region.
Bachman et al. [19] studied the fringes at the trailing-edge and demonstrated that these merge into so-called "neighboring feather vanes" which results in a smooth lower wing surface and, thus, reduces sharp and noisy edges. Jaworski and Peake [20] suggested that the trailing-edge is the primary source of noise for aerodynamic structures in the flow.
Using theoretical modeling, they showed that some morphological features in the trailingedge region cause noise degradation. Geyer et al. [21, 22] , who examined the noise generation of prepared birds' wings of different species, confirmed that the silent flight of owls (i.e.: Tawny and Barn owls) is due to their special wing and feather adaptations.
Since different owl species range in wing size from ten centimeters to close to a meter, their typical gliding Reynolds number range is within the intermediate range of the order of 10 5 ; therefore, low Reynolds number theories [23] cannot predict and accommodate the unique flight pattern and noise reduction exhibited by owls. Measurements by Kroeger et al. [7] indicated some differences between noise emitted during gliding and flapping flight;
whilst Jones et al. [24] , and later on Platzer et al. [25] , presented the advantages of flapping flight in producing thrust and lift. It appears that owls stealth mechanisms [26] function regardless of their flight mode: gliding or flapping. Owls feature highly maneuverable low-6 speed gliding flight capabilities [27] , yet their aerodynamic performance (lift-drag ratio)
observe to be relatively low [7] .
While the owl's wing morphology has been studied extensively over the years [28, 29] limited work has been focused on the aerodynamics of owls and the interaction between their unique wing morphology and wake flow dynamics. Doster et al. [30] flew a trained barn owl (Tyto alba) in a wind tunnel towards a target, where they performed Stereo-PIV measurements around the owl during flight. They showed that a complex vortex flow system was developed at the wake during flapping flight, yet, they have not associated these complex dynamics with noise reduction. The presented work focuses on the interaction between a freely flying owl and the surrounding fluid, where we seek to shed light on the governing flow mechanisms associated with silent flight. The results presented herein shows how owls control the wake flow through modulations of the flow scales and suppression of turbulence.
Methods
Owls were flown in an avian wind tunnel where optical flow measurement techniques were employed to study the near wake flow as well as the owls' kinematics during flapping flight.
Birds
Three Boobook owls (Ninox boobook) were tested; two males and one female. This owl is a medium sized nocturnal owl with stealth capabilities. The owls were brought from the Table 1 . The owls adjusted quickly to the wind tunnel and performed successful flights over several days. A set of optoisolators operated by six infrared transceivers were integrated into the PIV system (upstream from the laser sheet location) in order to prevent direct contact between the bird and the laser sheet [31] . The optoisolators triggered the laser only when the owl was flying upstream from the PIV field of view. The isolation from the laser sheet and triggering system ensure the safety of the birds.
Wind tunnel
The owls were flown in the hypobaric climatic wind tunnel at the Advanced Facility for Avian Research (AFAR) at the University of Western Ontario (see Kirchhefer et al. [31] for more details). The wind tunnel is a closed loop type with a glass octagonal test section 8
Particle image velocimetry (PIV)
A long-duration time-resolved PIV system [32] was employed to measure the near wake field behind the owls' wings during flight. The PIV system consisted of a 80W doublehead diode-pumped Q-switched Nd:YLF laser operating at a wavelength of 527 nm and two CMOS cameras (Photron FASTCAM-1024PCI) with spatial resolution of 1024x1024 pixel 2 operating at a rate of 1000 Hz and a 10 bit dynamic range. The PIV system is capable of continuously acquiring image pairs at 500 Hz using two cameras for 20 min. Olive oil particles, 1 µm in size were introduced into the wind tunnel using two Laskin nozzles [33] from the downstream end of the test section; thus, it did not cause a disturbance to the flow or to the bird.
One of the CMOS cameras was used for the PIV, while the other CMOS camera was used for measuring the wingbeat kinematics simultaneously with the PIV. The PIV camera's field of view (FOV) was 13x13 cm 2 corresponding to 1cx1c, where c is the owl mean chord length (an average of the three owls' chord lengths) and the kinematic camera's field of view was 52x52 cm 2 corresponding to 4cx4c, as shown in Figure 1 . The near wake flow field was sampled in the streamwise-normal plane with temporal resolution of 500 Hz and the distance from the owl's trailing-edge to the FOV varied between 1.4 to 4 chord lengths.
Multiple experiments were conducted to sample the near wake flow field at different locations along the wing span of the owl, which enabled us to comparatively analyze the wake characteristics developed at different wing sections along the span at each wingbeat cycle. 
Kinematics
Wingbeat kinematics were recorded using one of the high-speed CMOS cameras as described in the previous section. From the acquired images, we calculated the wingbeat frequency, wingbeat amplitude, and angle of attack. The kinematic images were synchronized with the PIV images in order to provide a direct relationship between the wake formed by the wing motion and its kinematics.
The wake locations with respect to the trailing-edge of the wing during flight was determined from both captured images and the distance between them as depicted in Figure   1 . To determine the location of the light sheet along the bird's wing or body, a 30 Hz CCD camera with 1600x1200 pixel 2 resolution was mounted downstream of the test section pointing towards the location where the bird would trigger the laser and taking spanwisenormal plane images. A spatial calibration was performed before the experiment. Once synchronized, spanwise positions were assigned to the wake data acquired at 500 Hz based on interpolation from the simultaneously recorded spanwise positions. These images enabled us to identify the location of the light sheet relative to the wing during the experiments and determine its location in respect to the body center. This information allows us to couple the wake flow features with the wing morphology: wingtip, primary and secondary remiges and close to the body (at the root). Table 2 summarizes the collected PIV data sets obtained during the experiments for the three owls that were analyzed in this study. Only successful owl flights were recorded.
Experiments
Successful flight refers to experiments where the owl triggered the laser and the PIV system acquired images of the flow field simultaneously with the wing's kinematics. The data presented herein corresponds to sets ('scenes') where the owl did not accelerate or decelerate and maintained altitude during flapping mode. A total of 9 scenes are presented herein, where each scene consists of hundreds of vector maps that corresponds to multiple consecutive wingbeat cycles during free flight. This large set of data enabled us to, statistically, characterize the near wake flow field, and its interaction with the owl's wing.
The PIV measurements were taken behind the owl's wing where a wake was present, and the wing motion was clearly identified in the kinematic images.
An error analysis based on the root sum of squares method was applied to the velocity data and the wing kinematics, following Gurka et al. [34] . The errors were estimated as: 2.5%
for the instantaneous velocity values, 10% for the instantaneous vorticity and 4% for the circulation, which was calculated, based on the vorticity field [35] . The error introduced in the kinematic analysis resulted from the spatial resolution of the image and the lens distortion leading to an estimated error of 5% in the wing displacements.
Results

Owl wing kinematics
We use a similar approach as Gurka et al. [34] , which followed guidelines suggested by Wies-Fogh [23] , where the wingbeat cycle was divided into four distinct phases: upstroke (US), transition from upstroke to downstroke (USDS), downstroke (DS) and transition from downstroke to upstroke (DSUS). Figure 2 presents images in sequential order from right to left as the owl flies through one full wingbeat cycle during forward flight (upstream, against the wind). We extracted the wingtip motion of the owls using freeware motion analysis software, Kinovea (https://www.kinovea.org). A point close to the wingtip was tracked for all the three owls over the continuous wingbeat cycles. The tracking identification for the kinematics analysis varied from scene to scene, but always located at the tip of the third primary wing feather. The number of wingbeat cycles was calculated by normalizing the total evaluation time with the wingbeat period. We estimated that for the various flight durations, the average frequency was about 6 Hz (see figure 3) . Therefore, the corresponding Strouhal Number for owls #2 and #3 is 0.37 and for owl #1 is 0.35.
Herein, the Strouhal Number is defined as St = fA/U∞, where f is the flapping frequency, U∞ is the speed of flight (wind tunnel speed), and A is the peak-to-peak cross stream amplitude of the motion [36] . A semi-sinusoidal pattern is observed, covering the upstroke, downstroke and transition phases over almost two consecutive wingbeat cycles. The axes presented are normalized by the chord length. The trend is similar for various data sets covering flights of the three owls. The solid vertical lines define the transitions between the wingbeat phases whereas the dashed line illustrates the point during the downstroke phase where the angle of attack was calculated.
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The estimation of the wing's angle of attack (g), as depicted in table 3, is taken from the pitch of the chord line at the root of the wing and velocity of the wing's root relative to the air 31 . Determining the angle of attack of a wing that constantly flaps and twists is somewhat challenging; therefore, we chose a point when the wing tip was parallel to the body.
Assuming constant wing twist, the angle of attack is defined as the angle between the chord relative to the air stream and is computed using information from the flow, body and chord at the root (see figure 4) . For a flapping wing, this angle is comprised of i) the angle, a which is estimated by tan This range, including the relatively high maximum angle of attack, is common in other birds as well [37] . These high angles of attack allow owls to fly more slowly while still being able to generate lift [38] through the formation of LEV [8] .
Near wake fluid dynamics
The near wake of the owl may provide insight into how wing morphology combined with wing kinematics enable the owl to fly silently. At such stealthy flight mode, the owl suppresses the aeroacoustic noise, partially as a result from the wake flow dynamics. The 13 results presented in this section demonstrate that the owl wakes differ from those of other birds, which are more similar to each other. In order to qualitatively assess the wake evolution resulting from the owl flapping flight, we follow the same procedure as originally suggested by Spedding et al. [39] and utilized later for other passerines and shorebirds [31, 34] . The wake evolution in time, which can be transformed into the evolution in space enables one to observe how the vortical patterns in the wake region provide a unique signature of a bird's flight. The wake reconstruction procedure we used is described in detail in Gurka et al. [34] . It is noted that throughout the presented wingbeat cycles, the owls' position did not change much relative to the measurement plane. Therefore, Taylor For the topographical analysis, a quantitative comparison between wake composites of the three distinct birds is performed through a so-called "blob" analysis. The motivation of this analysis is to characterize the dominant spatial scales in the reconstructed wake. The vorticity contours are presented in figure 5a here, and in figures 4 and 5 in Gurka et al. [34] . All the contours plotted employ a threshold of -1 and +1 for the normalized vorticity.
The blob analysis essentially calculates the area of the concentrated vorticity regions (wzc/U∞<-1 and wzc/U∞>1 and computes a histogram of these areas. A more detailed description of the procedure can be found in supplementary material ESM2. For brevity, the analysis transforms vorticity contour images to greyscale images and removes the background. The greyscale image is filtered and then converted into a binary image. The binary image is evaluated for interconnectivity of non-zero pixels using a connectivity of 8 nodes. The sums of the connected pixels are used to compute an area along with the image calibration from the PIV measurements. The histogram of these areas is computed and power density functions (PDF) are fit to the histograms. These results demonstrate that regions of large magnitude vorticity (wzc/U∞ > |1|) in the wake of the owl tend to be smaller than that of other birds relative to their chord size. The limited large-scale motion in the owl's wake suggests that large-scale motion may be suppressed/damped or not generated at all. This result is also consistent with the qualitative comparison of the wakes (figure 5a), where the wake reconstruction of the owl appears to exhibit a disorganized shedding compared to the starling and sandpiper.
For the flow scale analysis, we estimated a characteristic flow scale using auto-correlation functions applied to the data in the near wake region (see details of the birds investigated The results of the flow scales and topographical analysis quantitatively demonstrate how the owl's wake is fundamentally different than the two other birds. To further explore the observed scale reduction, we examine the velocity gradient tensors; mainly the vorticity and strain in the wake region. The pressure Hessian is a key quantity that controls vortex stretching through interactions associated with the pressure term [45, 46] in the momentum equations for fluids. The pressure Hessian is computed by applying a divergence to the incompressible Navier-Stokes equations:
where w 2 = wiwi, s 2 = sijsij, wi is the vorticity vector, sij is the strain rate tensor, and ρ is fluid density. Note that because the data is comprised from two-dimensional flow field measurements, we can only estimate the corresponding terms contributing to the pressure
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Hessian. We account for the spanwise vorticity component and the rate of strains in the streamwise and normal directions. Whilst this term provides an insight to the relation between vorticity and strain, it also provides an indirect estimate of the pressure field developed within the flow. The noise generated during flight is comprised from sound that stems from a mechanical wave propagating through a medium, and from the aerodynamic noise (aeroacoustic) that is generated though the fluid motion and its eventual interaction with a solid surface. Because one of the fundamental differences between owls and other birds is its suppression of noise and sounds association with pressure, it seems appropriate to compare the pressure Hessian at the near wake region between the other birds and the owl. (1)) are negative, on average. Here, w 2 corresponds to enstrophy and s 2 is proportional to dissipation; thus, these results imply that dissipation is more dominant in the starling and sandpiper wakes behind the wing mid-span location, relative to the enstrophy (based on the relations between them in equation (1)). Yet, for the owl, the enstrophy is approximately double the dissipation as both terms counter each other to yield values in the wake that are close to zero. Therefore, we conjecture that the owl, using its unique wing morphology, generates more vorticity than strain, which essentially is achieved by generating more small scales while destroying, or not generating, large scales in its wake. Because pressure is associated with aeroacoustic noise, we can assume that this suppression of large scales and increased production of small scales is associated with noise suppression.
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Discussion
The near wake flow dynamics of an owl feature unique characteristics that we suggest are associated with its ability to fly silently. Our findings demonstrate significant differences between the wake of an owl and the wake of two other birds, starling and sandpiper.
Importantly, these other two birds generate wakes that are similar to each other, despite being different species. In comparison to these other two birds, the wake of the owls is verified to be quantitatively different in terms of the scales of the flow. This result is confirmed by two different methods of estimation of the flow scales. The topographical analysis demonstrated that the owl's wake is qualitatively more disorganized (no street is apparent) at the mid-span location of the wing and contain smaller areas of large magnitude of vorticity (|wzc/U∞|>1). This result is consistent with the notion that owls have relatively poor aerodynamic performance [7] . An aerodynamic body is expected to generate an organized street at the wake, which indicates relatively low drag conditions. Yet, such organized structures are absent in the owl's wake. Furthermore, the flow scale analysis, which estimates the decorrelation scale of the flow patterns in the wake, indicates a smaller scale for the owl compared to the other two birds, consistent with the topographical analysis. The apparent absence of large flow scales may suggest that the turbulence production activity associated with these scales is somewhat limited [43, 46] . The dominance of small scales in the wake region also indicates an increase in the turbulence dissipation rate and vorticity. Together, this implies that over the wingbeat cycle, there is imbalance between the production and dissipation of turbulence energy.
The aspects of the flow that result in the different distribution of scales, as well as its strain [47] . Tsinober [46] suggested that when a flow field has a zero pressure Hessian, then the flow must be non-turbulent, or in other words, that nonlocality due to pressure is essential for (self-)sustaining turbulence. Therefore, the zero distribution suggests that turbulence is suppressed through distractive local interaction between vorticity and strain.
The small mean pressure Hessian could be related to the noise suppression because noise and pressure are related, and we conjecture that the suppression of aerodynamic noise occurs through modulation of the flow scales in the wake.
Therefore, we suggest that most of the owl's wake has either i) experienced a significant degradation of the turbulence level, or alternatively ii) has a strong three-dimensional motion in the spanwise direction (not measured) such that the wake behind the primary remiges is weakened relative to the tip region. For the latter case it may be that these wake dynamics resulting from flow patterns formed above the wing section being shifted in the spanwise direction towards the wing tip such that the majority of momentum is transferred from the streamwise to the spanwise direction (as suggested originally by Kroeger et al. [7] ). This shift would minimize the wake activity behind the majority of the wing by shifting all the momentum towards the tip region. This explanation is also supported by the good maneuverability capabilities of an owl in exchange for generating relatively high drag during its flight, which can be caused by the aforementioned shifting required to suppress the aeroacoustic signature. For the former (turbulence suppression), these peculiar flow dynamics may be the result of the unique morphological structure of the leading-edge serrations, down feathers, and trailing-edge fringes [6] of the owl's wing, which in consequence minimize the aeroacoustic signature [48] through the control of turbulence.
Once the flow interacts with the wing at the leading edge, the serrations funnel the flow and presumably shift some of the momentum towards the tip; then the flow passes over the wing through the down feathers, which prevents separation over the wing; thus, maintaining lift and reducing friction [4] . Subsequently, the flow passes towards the trailing edge. At the trailing edge, the fringes, which are unconnected barb ends; some oriented in the streamwise direction and some oriented to overlap with the neighborhood feathers [19] , generate additional mixing due to their non-structured configuration. This process causes the length scales of the flow to decrease dramatically, suppressing the large scales while producing more mixing and forming more small scales, which corresponds to additional generation of vorticity. This additional vorticity and/or suppression of larger flow length scales lead to a decreased pressure gradient field that is correlated with the aerodynamic noise. One may conclude that owls reduce noise by altering the scales of the flow. Further research into how the various morphological features of the wings modify flow scales to balance the strain and vorticity fields in such a way that the pressure gradient field is minimized should be pursued.
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Ethics
The owls were brought from the "African Lion Safari" in Cambridge, ON, Canada under animal protocol number BOP-15-CS and protocol 2010-2016 from the University of Western Ontario Animal Care committee.
Data, code and materials
All relevant data are given within the paper. Table 1 : Morphological characteristics of the birds flown along with the characteristic flow numbers for the experiments performed at AFAR. Table 2 : A summary of the datasets collected during the owl flight experiments. 
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